Porous structure has wide application in industry due to some of its unique properties such as low density, low thermal conductivity, high surface area, and efficient stress transmission. Both templating and foaming agent methods have been used to fabricate porous structures. However, these methods can only fabricate simple geometries. In recent years, many studies have been done to use additive manufacturing (AM), e.g., stereolithography apparatus (SLA), in the fabrication of porous structure; however, the porosity that can be achieved is relatively small due to the limited accuracy in building microscale features on a large area. This paper presents a projection-based SLA process to fabricate porous polymer structures using sugar particles as the foaming agent. With a solid loading of 50 wt.% of sugar in photocurable resin, the method can achieve a structure with much higher porosity. As shown in our results, the method can increase the porosity of fabricated scaffold structures by two times when compared to the current SLA method.
Introduction
There is increasing interest in fabricating porous or foam structures due to many benefits introduced by the interconnected micropores inside the structures, such as low density, low thermal conductivity, high surface area, and efficient stress transmission. By making use of these properties, porous structures have a wide variety of industrial applications such as oil absorption [1, 2] , heating/ electromagnetic/sound shielding [3] [4] [5] , sensing and energy harvesting [6] [7] [8] [9] [10] , tissue engineering [11, 12] , and sandwich structures [13] [14] [15] . Some of the applications are shown in Fig. 1 . Among them, an important application of porous structures is to serve as a scaffold in tissue engineering. Emerged in the early 1990s, tissue engineering is to conduct tissue/organ repair by transplanting a biofactor (i.e., cells, genes, and/or proteins) within a porous degradable material known as a scaffold [16] . Numerous research studies have indicated that more tissue ingrowth and new bone formation in vivo occurred in areas with higher porosity [17] . Therefore, it is desired to produce a scaffold structure with higher porosity such that the tissue can grow into the scaffold structure more efficiently.
Plenty of research has been done on developing novel processing technologies to fabricate porous structures with desired porosity. The most common approaches of making porous structures include templating methods [18] [19] [20] and foaming agent-based methods [1, 3, 6, [21] [22] [23] [24] [25] [26] [27] [28] [29] . The templating methods build a porous structure from an existing porous template. The template is then removed by dissolving the entire structure in a certain type of solution. The foaming agent-based methods are the most widely used approach for the preparation of foam structures with high porosity and are usually employed to process polymer and ceramic materials. In the foaming agent-based methods, a specific type of foaming agents is mixed with matrix materials and a green part is fabricated from the mixture. The green part is then postprocessed to remove the foaming agent in the volume; hence, interconnected pores can be generated in place of the foaming agent. The used foaming agents vary in different research but generally employ heat-decomposable or soluble particles. For example, Choi et al. [1] and McCall et al. [26] use commercially available sugar as foaming agent to make highly porous polymer composite. In their methods, free sugar particles are added directly to uncured polymer composite. After a thin layer is cured from the mixture, the sugar particles are removed by soaking the cured composite layer in hot water, leaving a three-dimensional (3D) isotropic network of air channels in the polymer composite. Both the templating and foaming agent-based methods can achieve high porosity in the fabricated structures. However, these methods can only produce porous structures with simple shapes, such as a thin layer, and have limited capability of fabricating scaffolds with complex 3D shapes for tissue engineering.
Various researches have been conducted to directly fabricate complex hollow structures using additive manufacturing (AM) technologies [30, 31] . However, the porosity that can be achieved by AM processes is still limited by their relatively low resolution in fabricating multiscales features. For example, when using the stereolithography apparatus (SLA) process to build a large scaffold structure, the micropores in the final structure are usually smaller than the original design (refer to Fig. 2 ). Thus, the porosity of the fabricated scaffold structures is limited due to the overcure in both depth and width [32] .
In order to increase the porosity of 3D porous scaffold structures fabricated by the SLA process, we present a sugar foaming-based 3D printing method in this research. In the developed process, microsugar particles, serving as foaming agent, are mixed with photocurable resin to form a viscous sugar/resin mixture. A desired geometry is then fabricated from the mixture using a projection-based SLA process integrated with tape casting [33] . The fabricated components based on the sugar/resin mixture are called green parts. To obtain micropores in the green parts, a boiling process is performed afterward. During the boiling process, the green parts are soaked in hot water for a certain amount of time. The sugar particles inside the green parts will gradually dissolve in hot water until porous polymeric structures are obtained. To facilitate the removal of sugar particles in hot water, special patterns are designed for the fabricated green parts. The experimental results show that the porosity of the processed polymer structures can be much higher, which is beneficial to tissue engineering.
The remainder of the paper is organized as follows. The porosity that can be achieved by the regular SLA process is described in Sec. 2. The green part fabrication process and related process parameters such as solid loading, blade coating height, and curing time are discussed in Secs. 3 and 4, respectively. Section 5 discusses the sugar removal process and its limitations including the restriction on sample thickness. Section 6 presents some of the pattern designs that can support thin features for efficient sugar removal. A test case of a 3D scaffold is presented in Sec. 7. Finally, conclusions with future work are drawn in Sec. 8.
Porosity of Scaffold Structures Fabricated by SLA
As shown in Fig. 2 , the porosity of an additively manufactured scaffold is usually limited by the relatively low resolution of the AM process. For a scaffold design shown in Fig. 3 (a), the ideal porosity u is calculated as
where a is the edge length of pores and b is the width of a strut in the scaffold. The thickness of a single layer of the scaffold is set to b, and the distance between two scaffold layers is a. Assume the number of pores along the x, y, and z directions is the same as n. When using the SLA process based on a bottom-up projection approach to fabricate scaffold structures, the actual pores will be smaller than the desired size both in the XY plane and along the Z direction due to the overcure of liquid resin in both width and depth. For simplicity, assume the overcure along the X/Y direction in the XY plane is proportional to the feature's XY lengths with a ratio g xy , and the overcure along the Z direction is equal to (D p À d), which occurs at the overhung features as shown in Fig. 3 (b). D p is the cure depth of the material and d is the layer thickness. Accordingly, in the actually fabricated structures using the SLA process, the strut width will increase from b to b(1 þ g xy ), and the edge length of each pore will decrease from a to (a À b g xy ). The thickness of the first layer of the scaffold keeps constant at b, but all the other layers increase from b to b þ D p À d and the distance between two neighboring layers decrease from a to (a À D p þ d). Hence, the actual porosity of the fabricated scaffolds can be calculated as
The pore sizes used in scaffolds for tissue engineering are typically designed in the range of 100-600 lm in order to obtain desired outcomes for tissue ingrowth and new bone formation [17] . Hence, the following constraints need to be satisfied for the designed scaffolds:
The overcure in the SLA process gives rise to a very low porosity in the directly fabricated scaffolds. For example, in the case of a scaffold with designed pore size a ¼ 300 lm, designed strut width b ¼ 300 lm, n ¼ 100, g xy can be approximately identified by an experiment as 30%, while the actual porosity u can be calculated as 26.5% with a pore size of 200 lm achieved in the finally fabricated structure.
Increasing Porosity by Sugar Templating
Traditional porous structure fabrication methods such as the foaming agent-based methods can make simple geometry with increased porosity, while AM technologies including SLA can build complex shapes with a relatively limited porosity. In this research, we present a sugar foaming-based SLA process by combining these two fabrication processes to produce complex scaffold structures with sufficient porosity. In the developed porous structure fabrication process, sugar particles were selected to serve as the foaming agent. The sugar particles used in our study are fine bakery sugar, purchased from King Arthur Flour (Norwich, VT). The size of the sugar particles is around $150 lm, which can be dissolved quickly and completely in hot water. The photosensitive resin (SI500 from EnvisionTec, Inc., Dearborn, MI) is used as the matrix material in the experiments. The resin has a viscosity of 180 cP and a density of 1.1 g/cm 3 under room temperature [34] . The resin-sugar mixture is prepared in the following steps. First, the sugar is deagglomerated using a mortar and pestle. Afterward, a certain weight ratio of sugar is added in resin and mixed with a stirring rod for 30 min.
The addition of sugar particles into the liquid resin will lead to a dramatically increased viscosity. The current SLA process requires the viscosity of liquid resin to be smaller than 3000 mPaÁs [35] . A larger viscosity will make the refill of the material difficult; hence, new layers will not be able to be fabricated successfully. In this research, we use a tape-casting integrated SLA process [33, 36] to fabricate green parts from the viscous mixtures. The tape casting is a fabrication process that has been widely used to fabricate ceramic capacitors. We utilize it in our 3D printing process to spread the viscous resin-sugar mixture into a relatively thin layer.
As shown in Fig. 4 , when the cycle of fabricating one layer begins, a small amount of resin-sugar mixture is dispensed onto the glass substrate behind the doctor blade. The glass substrate is coated with a Teflon film, which can reduce the attaching force between the photocured layers and the substrate during the layer separation process. Due to its high viscosity, the mixture will not flow out of the substrate. A linear stage is used to move the glass substrate to the left and stop under the building platform. When the viscous slurry is transported beneath the doctor blade, it will be coated into a slurry layer on the transparent glass substrate with a thickness that can be larger than a desired layer thickness. After that, the building platform is moved down along the Z axis to form a gap of one layer thickness above the substrate. Hence, one layer of a 3D structure can be fabricated by projecting a cross section image of the layer onto the bottom of the substrate. Due to the photocurable resin in the resin-sugar mixture, only the paste materials that are within the light-exposed regions are solidified. The cured layer can be uniformly thin since the layer is sandwiched between the previously built layers and the substrate.
To ensure that the newly fabricated layer attaches to the previously built layers, layer separation from the glass substrate is conducted before the cycle of fabricating another layer can be started. In the procedure of layer separation, the glass substrate directly slides toward the right side. As shown in our previous study [37] , the sliding mechanism can significantly reduce the force imposed on the cured layer during the separation process to ensure it can be less than the bonding force of the layer with the previously built layers. Consequently, the newly built layer can be successfully detached from the glass substrate. The layer-by-layer building process is repeated until a green part can be fabricated. More details about the green part fabrication process can be found in Refs. [33] and [36] . After the green part is fabricated and removed from the building platform, it is soaked in boiling water for a certain amount of time. A 3D porous structure can thus be obtained after removing the sugar particles on the part surfaces, as shown in Fig. 5 .
Main Process Parameters
In this section, we discuss the main process parameters that are associated with the green part fabrication in the sugar foamingbased SLA process. The fabrication of a green part is greatly influenced by the process parameters, such as solid loading of sugar in the mixture, doctor blade height, and curing time used in the SLA process. The effects of the main process parameters as well as the parameter setting methods are discussed as follows.
Solid Loading Versus Blade
Recoating. As mentioned in Sec. 3, a tape-casting process is employed to recoat the resin-sugar mixture into a relatively thin slurry layer. The recoated slurry layer is required to be uniform and as close to the desired layer thickness as possible. Hence, enough light can pass through the recoated material to solidify the layer, which can tightly bond the previously built layers. Furthermore, after a layer of resin-sugar mixture is recoated on the glass substrate, the building platform moves down to press the recoated slurry layer to form a desired layer thickness. When the thickness of the recoated slurry layer is large, small features on the fabricated green part may be more easily to break when they are pressed down into the recoated layer. To avoid the damage of small features, the layer recoating thickness is preferred to be small. The height of the doctor blade that is raised above the glass substrate is a parameter that determines the thickness of the recoated layer. Literature [33] suggests that the recoated layer thickness is about one-half of the doctor blade height.
In order to fabricate a structure with high porosity, a higher solid loading of sugar is desired in the resin-sugar mixture. Transactions of the ASME However, more sugar gives rise to an increase in the viscosity of the mixture, thus makes the layer recoating more difficult, especially when the height of the doctor blade is small. To identify the optimal solid loading and the related blade height for the resin-sugar mixture, we investigated the slurry recoating under different combinations of sugar ratio and blade height, as shown in Table 1 . Four different solid loadings are chosen from 40 wt.% to 70 wt.%. The blade height is set to 0.2 mm, 0.4 mm, 0.6 mm, and 0.8 mm, respectively. The same amount of slurry material was dispensed for each combination of solid loading and blade height. The glass substrate also moves with the same speed beneath the doctor blade. As can be seen in Table 1 , a blade height of 0.2 mm is too small to achieve a uniform layer recoating of any solid loadings used in our tests. As the blade height increases, the recoated layer gets thicker but the uniformity also improves. Although a higher solid loading (e.g., 70 wt.%) is desired for an increased porosity, the recoating process using the designed doctor blade becomes more challenging as well (refer to solid loading 60 wt.% and 70 wt.% in Table 1 ). Among all the combinations, 50 wt.% sugar ratio and 0.4 mm doctor blade height are the selected setting which leads to the biggest sugar percentage and the smallest recoated layer thickness. In the following experiments in our study, 50 wt.% and 0.4 mm are chosen as the solid loading and the doctor blade height, respectively. The recoating process is finetuned to ensure that a thin and uniform layer can be recoated. To determine the layer thickness to slice a computer-aided design (CAD) model into a set of two-dimensional (2D) layers, curing characteristics of the resin-sugar mixture with different weight ratios are studied. In the experiments, enough slurry with different weight ratios was uniformly spread on the glass substrate. An image of a circle with a diameter of 10 mm was projected onto the bottom of the substrate for a certain amount of time (from 1 s to 5 s) to cure the spread slurry. The thickness of the cured layer was then measured with a microcaliper, which is recorded as the cure depth of the tested slurry material under the given curing time. The measured layer thicknesses (or cure depths) of different slurry materials with respect to different curing time are shown in Fig. 6 .
It can be seen in Fig. 6 that the pure resin has the smallest cure depth when compared with the resin-sugar mixture. For the same slurry material, the cure depth increases with the curing time, since more light energy is added for a longer curing time. As the solid loading of sugar in the mixture increases, the cure depth becomes larger. This is because the amount of energy that is absorbed when the light passes through a sugar particle is smaller than the energy that is absorbed when the same light cures the same volume of resin. Hence, the light can go deeper into the slurry with more sugar particles, resulting in a bigger cure depth of the mixture with an increased solid loading. This is significantly different from the slurry with ceramic particles as shown in our previous study [38, 39] .
Sugar Removal
After the structure is fabricated by the presented green part fabrication process, it contains both sugar particles and photopolymerized resin. In the following steps, a boiling process is carried out to dissolve the sugar particles in hot water to generate micropores on part surfaces. In order to remove the sugar particles more efficiently, the printed features should be thin enough to expose the sugar particles to hot water; otherwise, some of the sugar particles will be trapped inside the matrix material and will be difficult to be removed during the boiling process. In this section, we discuss the dependence of sugar removal on printed feature sizes.
In our experiment, the green parts were immersed in hot water with a temperature of 80-100 C. Since the glass transition temperature of the photocurable resin used in our study is 61 C, the sugar removal procedure can be characterized as Fickian diffusion [40] , during which the water diffusion rate is slower than the polymer relaxation rate. Assume a plane sheet of sugar-polymer composite is exposed to the boiling water, as shown in Fig. 7 . According to Shen and Springer [41] , the percent of water diffusion content M in the plane sheet is modeled as
where M i is the initial water content of the material, and M m is the maximum water content after saturation. G is a time-dependent parameter, which can be derived in an approximate form from Fick's second law as [41] G ¼ 1 À exp À7:3
where D 0 is the water diffusion coefficient in the sugar-polymer composite, t is the boiling time, and h is the sheet thickness. The diffusion coefficient D 0 can be calculated by referring to the similarities between heat conduction and solution diffusion, which is also used to derive the diffusion coefficient of fiberreinforced composite in Ref. [41] . For a matrix with randomly distributed spherical fillers [42] , the conductivity j 0 is
where j 1 and j 2 are the conductivity of the matrix and filler, respectively, and f is the volume fraction of the filler. Analogously, we obtain
where D 1 and D 2 are the water diffusion coefficients in polymer and sugar, respectively. We use a cylindrical shell structure (refer to Fig. 8) to study the effect of feature size on sugar removal rate. The outer diameter of the shape is 8 mm. The height of the model Transactions of the ASME is 3 mm. The thickness of the shell changes from 0.2 mm to 0.6 mm. All the fabrication results are shown in columns 1 and 2 in Fig. 8 . The cross section of each model after boiling in hot water for 30 minutes is shown in column 3 in Fig. 8 . It shows that more sugar particles in 0.2 mm and 0.3 mm shell were removed in water, while not so many voids can be observed in 0.4 mm and 0.6 mm shell. This result suggests that a feature size in a designed scaffold should have a thickness that is no more than 0.3 mm; otherwise, the sugar particles will be trapped inside the polymer.
Porous Structure Design for Sugar Removal
As shown in Fig. 8 , the shell structures at the thickness of 0.4 mm and 0.6 mm can be successfully fabricated by our process, while some portions of the fabricated shells at the thickness of 0.2 mm and 0.3 mm are broken. It is because shells as thin as 0.2 mm and 0.3 mm are too weak to survive the postprocessing process. However, since the sugar particle size is around 0.15 mm, a smaller feature thickness (e.g., 0.2 mm) is desired in order to remove more sugar particles. To avoid the damage of thinner features below 0.4 mm, we investigated the design of some patterns to support the weak structures, as shown in Fig. 9 . The thickness of the outer shells of the three structures as shown in Fig. 9 is 0.2 mm. The shells have the same diameter as the ones shown in Fig. 8 ; however, they are rigid due to the inserted pattern designs. The structures with additional patterns can support the thin features and retain the shape of the shell during the fabrication and postprocessing.
To demonstrate the sugar removal of the designed patterns, we used the first pattern design in Fig. 9 to fabricate three structures with a shell thickness of 0.2 mm, 0.3 mm, and 0.4 mm, respectively. All the fabricated parts were cleaned with alcohol in an ultrasonic cleaning machine for 10 min. The cleaned components were then dried in air for 1 h. After that, all the three samples were put in boiling water for 2 h to remove the sugar particles. The weight of each sample was measured before and after the boiling (denoted as w 1 and w 2 , respectively). Assume the weight ratio of the sugar in the mixture is U, the density of sugar and resin is q s and q r , respectively. Then, the porosity u of a fabricated structure can be calculated as
The measured weights of each sample before and after the boiling process are listed in Table 2 . The porosity after boiling for 2 h is calculated using Eq. (7) . The density of the sugar used in our experiments is 1.587 g/cm 3 . As shown in Table 2 , the achieved porosity is approximately 58%. The weight change may contain the infiltration of water into polymer and the loss of polymer in the sample during the water boiling process. Both will introduce errors in the calculated porosity: one will decrease the calculated porosity while another will increase it. We believe both factors have limited effect on the weight change. The experimental results suggest an increase of porosity in the final parts. Similar ratios of weight loss in the three samples also suggest that the weight loss of polymer should be small. The micropores that were generated after the removal of sugar particles are shown in Fig. 10(b) .
Test Results
The sugar foaming-based SLA method can further increase the porosity of a fabricated scaffold compared to the regular SLA process. Assume the actual porosity that can be achieved by the SLA process is u a . As shown in Sec. 6, a porosity of u sugar ¼ 50% can be obtained using our sugar foaming-based SLA process. Accordingly, the combined porosity after applying the sugar foaming method to the designed scaffold structure is u a þ u sugar À u a u sugar (8) Hence, the incremental ratio d of the final porosity with respect to the one that is fabricated by the traditional SLA process is
When u sugar ¼ 50% and u a ¼ 26.5% as calculated in the above example, the ratio d can be as high as 138.7%, which is five times higher than u a .
A more complex scaffold design using the 65 wt.% glass slurry (sodium aluminosilicate glasses, Z-CEL 8054, Potters, Valley Forge, PA) is shown in Fig. 11 to demonstrate the use of the sugar foaming method in fabricating 3D porous scaffold structures. The reason to select the composite is that a relatively large cure depth ($590 lm) can be achieved when compared with the sugar particle size. The glass composite was mixed with sugar particles at a weight ratio of 40%. The layer thickness during the fabrication is set as 200 lm. The green part was soaked in hot water (80 C) for about 40 min. Figures 11(c) and 11(e) show the microscopic 7), we can compute the porosity of the final scaffold as 23%. A higher porosity may be obtained by increasing the sugar concentration and the boiling time.
Conclusions
This paper presents a sugar foaming-based stereolithography process to fabricate 3D porous structures with complex shapes. The 3D printed material is prepared by mixing the sugar particles with photocurable resin. The mixture is then used in a tapecasting integrated SLA process to fabricated 3D components as green parts. Different process parameters that are important for part fabrication based on the resin-sugar mixture are discussed, including solid loading, blade height, curing time, and layer thickness. In order to remove the sugar particles in green parts more efficiently, a part is designed to have thin features with designed pattern as reinforcement. The sugar particles within the printed green parts are dissolved in boiling water; hence, the micropores can be generated on the surface of the final part. Our experimental results indicate that a weight loss of over 50% can be achieved with the current process parameters leading to the final porosity of scaffolds that is several times higher than that of the traditional SLA process. Thus, the sugar foaming-based SLA process can significantly increase the porosity limit of tissue engineering for scaffolds that can be fabricated by the SLA processes.
In our future research, we will improve the layer recoating process to achieve a higher solid loading in the resin-sugar slurry.
We expect that a higher solid loading of sugar in the mixture will lead to a higher porosity after the boiling process. 
